We consider the early cooling evolution of strongly magnetized strange stars in a CFL phase and develop a new pulsar kick mechanism based on beaming of neutrino emission along the magnetic vortex lines and parity violation of the neutrino-producing weak interaction (direct Urca) process in a strong magnetic field. We show that for sufficiently high initial temperatures T > ∼ 40 MeV and magnetic fields B ∼ 10 13 − 10 17 G, the energy release is about 10 51 − 10 53 erg with a magnetic field dependent time scale between 10 −1 − 10 3 s. The wide range of observed kick velocities can be explained by different magnetic fields in compact stars.
Introduction
Pulsars are rotating neutron stars with high magnetic fields causing observable radio dipole signals. Most of the known pulsars are born in the neighborhood of the galactic plane and move away from it with natal kick velocities which are typically higher than those of their progenitors [1] . This implies that the birth process of pulsars also produces their high velocities and thus cannot be entirely isotropic [2] . Two examples for directly observed pulsar motion are given in Fig. 1 and a spatial distribution of pulsar kick velocities in galactic coordinates [3] is given in Fig. 2 . Up to now, the mechanisms driving this asymmetry are far from clear. There are several hypotheses, ranging from asymmetric supernova explosions [4] , neutron star instabilities [5, 6] and magnetorotational effects [7, 8] to the model of an electromagnetic or neutrino rocket [4] . For a recent overview, see [9] . It is also not clarified whether the distribution of pulsar kick velocities is bimodal with a low-velocity component of v ≤ 100 km/s (20 % of the known objects) and a high-velocity component of v ≥ 500 km/s (80%) as suggested by [10] or whether it can be explained by a one-component distribution [3] , see Fig. 6 . Note, that the high velocity tail is possibly underrepresented, due to the fact that pulsars with high velocities move out of the observational volume faster than those with lower ones [11] . Most of the models are capable of explaining kick velocities of v ∼ 100 km/s, but it is a nontrivial problem to explain the highest measured pulsar velocities around 1600 km/s. While there is evidence for the alignment of kick velocity vectors with the rotation axis of pulsars [12] the suggestion of a correlation between magnetic field and kick velocity [2, 13] could not be verified from observations so far. The difficulties in establishing such a correlation are due to uncertainties in the measurement of pulsar magnetic fields on the one hand and the relatively small number of known pulsars compared to the postulated 10 9 neutron stars per galaxy on the other. Note that for proto-neutron stars and young neutron stars there are no data for the magnetic field and its structure in the energetically important era of early neutrino cooling.
In the present contribution we show that beamed neutrino radiation from a strongly magnetized strange star in a color superconducting state could lead to an acceleration during the early cooling phase of the neutron star. It has recently been suggested that the typical properties of gamma ray bursts might be explained by the neutrino release off a strongly magnetized quark core star [14, 15] since neutrinos can very effectively be converted into e + e − pairs and gammas [16] . Here we show that such a collimated neutrino release (neutrino rocket) can lead to high neutron star kick velocities in qualitative agreement with the observational data. The key ingredient to this mechanism are: (i) the mass defect of the order of 10 52 erg in the formation of a (color superconducting) quark star [18, 17] , (ii) the anisotropic neutrino transport (beaming) since normal quark matter vortices (short mean free path) aligned with the strong magnetic field are immersed in a superconducting matrix (free neutrino propagation) and (iii) parity nonconservation of neutrino production in the strong magnetic field [19, 20] which leads to a sufficiently large net momentum transfer to the star resulting in a pulsar kick. The color superconductivity plays an essential role since those neutrinos generating the propulsion of the star propagate without secondary interaction thus circumventing the no-go theorem [19, 23] , that there is no parity violation in equilibrium. In the remainder of this contribution, we explain the ingredients of the model and draw the Conclusions.
Neutrino beaming and cooling delay
When designing a scenario for the origin of natal pulsar kicks it is natural to make contact to other puzzling phenomena occuring in the realm of a supernova explosion such as gamma ray bursts (GRBs). It has been suspected that GRB charcteristics could find an explanation in the phase transition to quark matter in the protoneutron star (see [14, 15] and Refs. therein) whereby the phase with all quarks being paired with large gaps in a color-flavor-locking (CFL) state is of particular interest for our concern of the neutrino propagation. Let us, in the following, assume that the bulk of the star is in the CFL phase with a tiny hadronic crust and a surface magnetic field in excess of B s ∼ 10 12 G. Then, one may expect by flux conservation that the inner magnetic field at the quark core surface can reach values of B in,s = B s (n in /n s ) 2/3 = 10 12 − 10 17 G, where n s ∼ 6 × 10 −10 fm −3 and n in ∼ 0.3 fm
are the corresponding densities at the core-crust interface. The presence of such high magnetic fields allows creation of a vortex structure along the magnetic axis [24] as shown in Fig. 3 . Due to magnetic flux conservation the number of vortices in the quark star interior is N vo = πB in,s R 2 /(6Φ 0 ), where Φ 0 = 2 · 10 −7 G cm 2 is the magnetic flux quantum, cf. [24, 25, 26] . Superconductivity is expelled from the vortex interior, where the matter is in the state of a strongly magnetized quark-gluon plasma. The volume of a vortex can be estimated as V vo ∼ 2πλ 2 D R, where the Debye screening length λ D is of the order of the penetration depth
and for the critical temperature the BCS relation, T c = 0.57 ∆, can be adopted. The vortex volume has a large neutrino emissivity due to the quark direct Urca (QDU) process [27] 
with α s ∼ 1 being the strong coupling constant, the compression u = n b /n 0 is the factor by which the baryon density exceeds its value at saturation n 0 = 0.16 fm −3 , Y e is the electron fraction and T 9 the temperature in units of 10 9 K. Correspondingly, the neutrino mean free path (MFP) in normal quark matter becomes very small λ ν = 3.4 × 10 6 α −1
Note that the direct Urca processes in quark matter, which is the responsible for the high neutrino production inside the star, remain virtually unaltered in the presence of magnetic fields in this range [28] . In the region between the vortices matter is in the CFL state with pairing gaps ∆ ∼ 100 MeV, The cooling evolution T (t) can be described by inverting the solution of
where T i ∼ 40 MeV is the initial temperature of the protoneutron star,
is the specific heat dominated by the normal quark matter contribution, and the luminosity
takes into account the effect of the neutrino beaming. The isotropic luminosity
has contributions from both, the unsuppressed QDU process from the small volume of the vortices and the suppressed contribution from the large CFL matrix volume. Results for the time evolution of neutrino luminosity, temperature and neutrino beaming angle shown in Fig. 4 demonstrate the effect of cooling delay due to neutrino beaming in a strong magnetic field. 
Pulsar kicks from parity violation
Parity nonconservation in the weak interaction QDU neutrino production process under the conditions of a strong magnetic field in a protoneutron star leads to a violation of reflection symmetry since the neutrino flux is a polar vector while the magnetic field is an axial one. The magnitude of this asymmetry has been estimated as A ν ∼ 10 −4 B 14 , where B 14 = B/10 14 G, see [19] and [20] for a similar result. This nonvanishing A ν leads to a net momentum transfer from the neutrino flux to the star of mass M resulting in a time-dependent kick velocity
which saturates at the B-dependent asymptotic value
as soon as the beaming ceases. Numerical results are shown in Fig. 5 for a typical compact star with M = 1.4 M ⊙ and R = 10 km. In order to obtain pulsar kicks as large as 10 3 km s −1 , magnetic fields of the order of 10 16 − 10 17 G in the stars interior are required. Such values correspond to our above estimates.
We have to comment on the argument, that any initial asymmetry in neutrino emission processes is only a local phenomenon and can not survive at large distances due to strong neutrino scattering inside the neutron star (no go theorem [19, 23] 
This leads to a strong suppression of scattering processes in this direction. The initial asymmetry in neutrino emission can therefore survive and lead to the observable pulsar kick.
Finally, one can test the predictive power of the neutrino rocket scenario by testing the correlation between the pulsar mass distribution and the kick velocity distribution. 
Kick velocity distribution
This section we make an attempt to derive a kick velocity distribution using a mass distribution of young, isolated neutron stars recently obtained within a population synthesis model [21] , see Fig.6 . The mass distribution (solid line) is given in eight mass bins, whereby masses above 1.45 M ⊙ are negligible and below 1.05 M ⊙ do not occur. There is a dip in the mass distribution for the bin 1.25 − 1.35 M ⊙ which remains also when the binning is changed [22] . We compare results for two continuous approximations also shown in Fig. 6 : a bimodal Gaussian (dashed curve) and a normal Gaussian distribution (dotted line). To this end we assume a fixed magnetic field strength and use the mass-radius relation of strange stars as obtained by solving the Tolman-Oppenheimer-Volkoff equations for a bag model EoS of strange quark matter with a bag constant of 70 MeV/fm 3 . Together with the mass distribution of isolated NS from the population synthesis model [21] we obtain for the pulsar kick model presented above the velocity distribution shown in the right panel of Fig. 6 . From Figure 6 one observes that the derived velocity distribution for the Gaussian mass distribution for isolated neutron stars from [21] (dashed curve) is in good agreement with the recent observational data interpreted by [3] (dash-dash-dotted curve) whereas the bimodal velocity distribution corresponding to a bimodal fit of the mass distribution of Popov et al.(dot-dot-dashed line) gives only a qualitative agreement with the kick velocity distribution derived in [10] (solid line). 
Conclusions
Concluding, we have shown that in the presence of a strong magnetic field B in,s ∼ 10 14 − 10 17 G, the early cooling evolution of protoneutron stars with a color superconducting quark matter core in the CFL phase is characterized by anisotropic neutrino emission, collimated within a beaming angle θ ν around the magnetic axis. Initial temperatures of the order of T ∼ 30 − 50 MeV allow for the energy release and time scales appropriate for the phenomenology of both, short and long GRBs assuming the quark star is in the CFL phase. Additionally an initial pulsar kick is caused by parity violation in the neutrino emission processes due to the strong magnetic field. It is known that the magnetic field couples with the particle spin and can therefore lead to a violation of reflection symmetry resulting in a net neutrino momentum transferred to the star. The acceleration time of the quark star coincides with the burst duration. One obtains a wide range of pulsar kick velocities, even exceeding 1000km/s, in dependence on the magnetic field, radius, mass and burst duration of the star. This wide range of pulsar kick velocities is in qualitative agreement with recent observational data for the distribution.
While this very description of the pulsar kick velocity distribution is still very schematic, it offers a new possibility to correlate observables for compact stars such as their masses, kick velocities and magnetic fields. A more systematic investigation, together with a consistent modeling of the compact star structure will be developed along the lines described in this contribution [29] .
